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TECHNICAL REPORT R-52

SIMILARITY OF FAR NOISE FIELDS OF JETS

By WALTON Lo _[O'WES

SUMMARY

Similarity parameters j'or far-field m,i.,'e .from

jets are derived. For ._'ub._'ol_ic jets, total acoustic

power and acoustic directieity are expressed i1_

terms of the geometric az_d fluhl properties by meatus"
of Lighthill's theory of aerodynamic noise. The

acoustic-power spectrum and local 'meat_-._quar_ -
pressure spectrum are ezpre_'sed it_ dimensi(mle,,'._"

jorm by eo_sideril_g only th.e definitio_, of spectrum

and the primary geometric aml fluid properties.

For supersonic jets, the subsonic formulas are modi-

jied to i_wlude th,e _mise omtributiol_ from the super-
,wmie region. ThLs. eoldributio_ is related to the

geometric and flow properties by applying Rib_er'x

theory o[ _earzfield mJL_'e eaused b!/ ._'hoek-t'urbule_u'_
ilderaction.

O_dy jets issui_ 9 from circular m_zzles were e<m-

sidereal. On th,e basis q[ new as well ax prerious

data, all eorrelatioi_s for subsonic jets were generally
good. The Ol,Umum ral'ue qj the acoustic-power eo-

_J_ieient was.f_rund to be 3)KIO _. ('orrelatio_x.for

direeticity and spectra are pre,_'eJded iJ_ graphical
.form. -4 slight d(ffere_u_e between dim ensionlexs

power spectra for large and small jets was m_ted.
Large d(fferel_ce._" between jet aml ambient tempera-

lures produced small e_eets on power spectra aml

direetidt?i but had m_ appare_d e_eet on total power.

l'ressure probabilit!l-de1_sities were approximately
normally di,_'tributed.

lge.s'ults for supersonic .'lets were generally ,_'im.ilar

to those Jot .s'ub._'ol_ie jets. Ih_werer, the _'alidit_/ q/
the derived total-power ezpre._'sion ix questionable aml

requires further i_restigatio_.

The eorrelatio_._ presented should be useful ,for
e_git_eeriml purposes.

INTRODUCTION

In ('omw('lion with the probh,ms create,(1 by the

(,fl'e('ls of jet noise on humans and aireraf! stru(.-

tun,s, the t)r(,(li('tion of jet, noise fields is of ('on-

si(hwable interesl. The possibility of pre(ti(qing

('hara('teristies of jet, noise fields resulls as an

immediate consequ(m(.c of measuring those fiehls.

Itowever, Mthough the lit,(,rature on jet noise

includes considerable data, only a small portion
of these data has been 1)resented in eorrelate(l
form. Some of the 'wailablc data has been sum-

marized in referen('e 1. tlowevev, more gelwral

correlating ])arameters have been at)plied fit
referene(,s 2 and 3.

The significant vavial)les relating the charac-

teristics of subsonic jets to the ra(liat.ed noise are

in(licate(t by Lighthill's theory of aerodymmfic

noise (refs. 4 and 51). No corresponding theory
exists for supersonic jels. A1 least for the sub-

sonic case, most of the significant dimensionless

groups are indi('ated in, or are readily (h'rivabh,
fi'om, the theory of ref('ren('c 4.

It, is the purpose of the present report lo indi-

cat(_ and attempt to verify jet, noise similarily

laws on the basis of both new and previously
reported data. In this rel)ort, all results are

restricted to the, acoustic far field an(I to jet

nozzh, exits having ('ir('ular ('ross sections. Both

subsonic and SUl)crsonic jets are ('onsidered.
The ('orrelations obtained shouhl be useful for

engineering purposes.

ACOUSTIC SIMILARITY RELATIONS

The acoustic intensity I(z) "_t distance : from

a noise sour('e is given t)y

•_) .-_ --)

I(z) =}/(z)v, (z) (1)

where r,, is the normal COml)OlWnt of acoustic
particle w, lo(.ikv through a control surfa('e of

area ds. (All symbols arc defined in at)t)endix
A.) The tim(, average (denol(,d l)y the l)ar) few

I
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1)raetiea.l t)url)oses need only be taken for a t)eriod

several times greater than tilt, perio(l associated

wit|, the lowest, acoustic ft'equeney of interest.
The lotM radiated a('oustie power W is given by

Surface of sphere having

radius • >> ,k and having

ils center ot((,_,_):(O,O,O)--..
\

II'-= (I., (2)

where S is the total area of a cot,,tel surface en-

(.losing the noise source. In the a('oustic far field,

that. is, in the region surrounding an acoustic

som'ce at a (lislan('e large compared with an

a('oustie wavelength, and at distances which are

large compared wilt, the extent of the source, Ill('

intensity is given to good approximation by the
relation

I(z)_P (_) (:_)
po(l_

which Mlows computation of W fi'om acoustic-

pressure measurements alone. Equations (1) to
(3) are independent of the chara('ter of the noise

SOUl'(!e.

TOTAl, POWER

in a theoretical study of aerodynami(" noise,

Lighthill (ref. 4) found that in the far field the

radiated density flu('tuations p' associated with

low-Mach-mmd)er l urbuhuwe embedded in a qui-

(,scent atmosplwre were, in the absence of solid
boundaries, represent,al)le in terms of the fluid

variabh,s I)y

-_ --4

-) 1 ./hXj i' I " -_ "

p'(s') = 4r-tt_ x:' ,)(t_b-t" lu y,t-- ( (4)

where .c_ and y_ are coordinates of the observation

point and fMd points, resI)eetively , and tile inle-
gralion is over-all spa(.e. The relation between

the various coordinates is shown in figure 1. ()n

the basis of ('erlain assumptions regarding the

turbulen('e, IAghthill showed (ref. 4, ('f. appendix

B also) ,.hat, by analyzing lhe dimensions of

equation (4), the t.ohd ra(liated acoustic power is

given by

II'-- ICp,,_II "_/a_-- h'L (5)

where (; is a chara('teristi(" jeL velocity (of. al)-

p(,ndix ('), ff is an acoustic-power coefficient, and

L --p0A_'_/a_) is the so-called l,ighthill parameter.

As defined in equation (5), K is 4)r times K as

Fl(;URE 1. -Coordinate systems.

definel 1)y IAghthill. Equation (5) has been

found valid for subsonic jels. it is not intended

to apl,ly for jets w|lieh attain supersonic velocity,

especially those containing strong shock waves.

In references 2 (fig. 44) and 3, the acoustic-

power output of rockets was empirically correlated

in terns of jets,ream Inecharfical power.
Tlw following represents an alternate at, teml)t

to relate the far-tield acoustic ('haracterist,ics i,o

the th,w wu'iat)les for jets which attain supersonic

veloeiy.

In my supersonic jet the tlow at a certain dis-
tance downstream of the nozzle exit becomes

subso tic ultimately. Consider a l)lane which

divid(s the jet it_to two regions, namely, a region

of mi,:ed supersonic and subsonic flow upslream

and _ region of completely subsonic flow down-

st,real t. The upstream region, hereinafter reterred

to as :.he region of supersonic flow, will contain in

any l,raetical situation a patt.ern of shock and

expa_sion waves which results in a transition to
subsonic /tow. The downstream region, herein-

after referred to as the subsonic region, has been

shown for lhe case of a fully expanded jet (ref. 6)
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to possess mean-flow charaeteristi(.s, such as /,he

mean-velocity profile, similar to those for a com-

pletely subsonic jet,. Assume for present purposes

that this is also suflleiently true for overexl)anded
an<t un(/erext)anded jets. Also, assume that the

fluctuat,ing aerodynami(_ ('ompon(,nts in tilt, sul)-

sonic region downstream behave sinfilarly to those

in a subsonic jet. (A small amount of experi-

mental eviden('e (ref. 7) indicates that this assump-

tion nlay be reasona|)ly valid.) Then, the total-

acoustic-power output, of the jet. can |)e exl)ressed

aS the SlllII of the |)owel' contributions from the

region upstreain -containingsut)ersonic flow and

the subsonic region downst,ream. The contribu-
tion from the subsonic region ('an 1)e (,xpressed in

terms of the I,ighthill parameter as ti'poA*a*s/a_,

(or KpoAaao for moderately ('hoked jets having

near-amt)ient temperalur(,s), where A* is tim

cross-sectional area of the jet at an effe('tive soni(_

plane separating the upstream (supersoni(, flow)

and downstream (subsonic flow) regions, and a*
is the eritical speed of sound at this |)lane. The

power contribution from the Ul)stream region may
originate from a variety of ('auses. One of these

the int.eraclion of turbulerwe and shock waves,

|ms |)(,(,11 studied theoreti('ally by Ribner (ref. 8),

who found that t)ressure flu('t ualions of ('onsider-

able magnitude shouhl result, in the near fiehl from

the passage of turbuhmee through a shock wave.

This source of noise may (Iomimm, in the super-

sonic region of j(,ts ('entailing strong sho(.k waves,
whereas acro(lynami(' noise sour('es lllll,V (lOIlli[la|,e

throughout, fully expanded jets. Assume, for the

present, that shoek-turbuh, n('e intera('tion is the

principal source of noise in the Ul)stream region,
and ('onsider tilt, neav-lM(l relation between

acoustic and [tow varial)h,s found I)v Ritmer (ref.

8, eq. (62)); effe<,(ively,

_(_-_,-< - u'_X) _ p_ 16)

appendix B that |his power ('ontrilmtion might,
i)e expressed as

, 2.1
II) =P_"' g (l'/po) (7)

p0(/0

where g(l'/po) =0 for l'/po<-_ 1.89. ('oral)in|rig

the power ('ontrii)utions from tile sul)sonic mid

supersonic regions results in

poao g(l'/ po) (8a)

Of

Q0(/0

g(l'/p.) =pi _ (ll;--KL*) (81))

where L* is asso('iated with A* an(I a*, ra.ther than

with A and I7. Equat io,l (8|)) is the form for

determining .q from experimental (lala, and (,qua-
tion (8a) is the form for eoml)uting the total power

IV] for olh(,r ('end|lions after g has on('e been
det, ermine(I.

Equation (Sa), in eonjun('|ion with test data,

might be ust,d to estimah, the velar|w, magnitudes

of the at'ouslil'-power contributions fronl l h(, lilt-

stream nn(l downstream rt,gions.

POWER SPECTRUM

The distrit)ution of |he total a(.ousti(, power ns

a fimetion of frequen('y is referred to as Ill(, l)ower

spe(,t, rum. If w(f) represents lhe aeousli(' 1lower

radiated in a frequen(3"-t)an(hvidill ({[ at frequency

f ey('h,s i)(,1' second, then

_VJI, _ w(f)df= 1 (9)

A dimensionh, ss-frequen('y fornl is given 1)y fl/{.
l he Strouhal numl)er. ]n terms of ,qtrouhal num-

t)er, equation (9) I)e(,omes, for nozzles lmving

(,iv('uhu' cross se('tions,

where p is the mean slalic pr(,ssure at distance

_/--_odownstream of the sho('k. Fl'onl lh(, dala

in reference 9, il is apparent tha b the total 1)ower

Wt is a function of the nozzle-exit area A also.
This evidence in(lieales those vavial)h,s whMl

Inight lie exile(q ell to affect l.he aeouslie-l)ower

output from the region (.ontaiuing shock waves.
From dimensional considerations it is shown in

-W_] U df=l (10)

so that a dimensionless form of the i)ower sl)ectvum

1' w(f)
is given t)y i) -ll" as a function of the Stt'ouhal

numb(w. Equation (ll)) applies for any flow con-
dition. However, Ill(, fun('tiomfl relation between
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acoustic power and the flow characteristics difl'ers

for sul)sonie and supersonic jets. This may t)e

readily it,die,ted by rewriting equation (10) in

terms of the geometrie and aerodynamic v,lriabh_s.

Thus, for subsonic jets,

hy virlue of equalion (5), whereas for supersonic
jets a possible form (assuming eq. (Sa) is confirmed

by experimem) is

' { j'" r,,',,,(,,!],,'w, ,, L D* J.*

+j[= ] '] d.O.=, <1,.,)

the deriwltion of whi('h is outlined in appendi× B.

By apt)lying equations (5), (7), and (8a'), equation
(12) could be readily e×pressed in a form equiva-

lent to that of equation (11), if desired.

]n reference 2 (figs. 45(a) and 45(b)), 1)ower

sl)eetra were correlated in a form equivalent to

that corresponding to equalion (10). ]n reference

10 (fig. 4) power spectra were correlated in a form

essentially equivalent to that corresponding to

equation (1 I'1, mmwly, l'll'L 10 log D a as a fun('-

lion of./'l) for dem)ted values of nozzle 1)ressur(,

ralio l'/p,, th)wever, it is evident from equation

(ll'} Ihal the eorrelalion in referene(, 10 is only

valid for constant jet temperature. .It is note-

worthy ,hal, in tlg(u'e 4 of r<,feren('e 10, good ('of

relat ion of power speel l'a is shO%Vll for super('ritical

[)I'eSSHI'(' ratios. |lowever, lhe correlating Imram-

viers are based on the formula (11), which applies

fro'suhsotfic jels.

I)IRE('TIVITY FACTOR

The total power and power Sl)e(.trunl represent

inlegrated a('ouslie characteristics in that they
describe the total radiation per second. At spe-

title points in the noise tMd, the analogous quan-
tities of interest are the a('oustie intensity and the

m(,an-_quare aeotLsli(' pressure (of. eq. (3)) and

their associated spectra. Of the two fornler quart-

lilies, only the mean-square acoustic pressure will

he considered hecause it is most easily measured.

lhm'ever, lhe corresponding expressions for in-

lensity ('an easily t)e derived (ef. apl)emlix B).

The .oeal mean-square pressure in the far tlehl

is giver by

(_')--h,' (e) o,,<,11' (l:_)
47r,,_-

where the direetivity fa('tor k'(O) is &,lined by

k' (0) =l(z)/E l(r) >

aml tl:e field point )' lies on the large sl)here of

ra(tius r cenlered at the noise source (el. tig. 1).

Equal:on (13) is general. For sul)sonie jets,

p'' ( z) = I_.'(o) K :t_r_a_, (14)

For supersonic, jets the (_orresponding relatioH is

_(z, a"(O)K °°A*a*S 4-/c'_(0) t, gA-- ,,_-- -- g (l'/p,,) (15,,)
4¢rr-a. 4_-r 2

r- p(2,,1,a ,_ ]: :k,(0)LK ,'a-:/(l'/p,,) (ISh)

Equations (15a) and (15b) represent altemmtive

forms. In equation (15a), #[ represents the di-

rectivity factor associated with the noise h'om the

supersonic region. In equalion (151)), a(0)=

#_(0)/_"(0) is a (lireetivity eorr(,etioll fa('tor whi(.h

ac{'ou'lts for the ditferen('e between the directivily

I)attelns for suhsonic and supersonic jets. Equa-
tions 13) to (15) at'(, derived it, at)pen(tix B.

Tit( directivity fat',or ],"(0) is the linear equiva-

h'nt ()f the directivity index used in ref(,rel|('e 2.

The _iireetivity index, although not sl)e('ifieally

(letim,:l as such, has also been utilized in refe,'ences
11 an.[ I.

L()(TAL PRESSURE SPECTRUM

Th, dimensioJd(,ss exl)ressi(m for thr h)Pal mean-

s(luar ,-pressure spectrum p'"(.[; z) is amtlogous io
,hal ]or the l)OW(,r spectrum. The dimensionless
fOl'lll _s

1 F_FI'7"rj:, . ' "-[I)

7(;J0 LJ' (';:>J, (,,,,

which is to be exhibit,'d i,, ,he fl,,',,, D-_.,P as

a fuuclion of Slrouhal rmmber. EqmHior_ (16)
can I., rewritlen in terms of the tlmv variabh,s
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tion (11)

SE(Rq I'[llll.

resuh is

using equation (14) (subsonic jets) or equation (15)

(supersonic jets). The result is analogous to equa-

oz" (12), respe('tively, for (,he power

]n l)arli(qtlar, for subsoni(, jets the

,1,, Lk,(e)Kp_,Dal,r_]l,df=l (17)

The dim(,nsionh,ss 1)l'esstu.e spe('tra shouhl

l)ossess shap(,s which are independent of the mag-
i4

nitude of _for all frequen('ies for whi('h z'is in the

far field. (Re('all that lhe dishm(.e from the tur-

buhml region to lhe far tMd is a fun('tion of fro-

quen('y.) However, 1)ecausc p'--7(z_) is a function

of 0, p,2(f; z) might also t)e a fun('t ion of O. Th(,l'e-

for(,, spectra obtailwd at different azimuths are

not, necessarily similar.

The preceding formulas shouhl 1)e sufficient 1o

1)ermit prediction of the acoustic power, power

spe('trum, h)('al at'oust|(, i)ressm.es, and lo('al
acousti('-pressur(, spe('tra asso('iat(,d with the

acoustic fat' tMd of all (lynami(.ally similar jets if

the qlmntiti(,s K, v:(f), k'(0), aml p'_(f;z), resl)e(.-
iivdy, a,'e dctt,rmin(,d ('Xl)erimentally for one jel.

PRESSURE PROBABILITY-I)ENSITY

The lotal at.oust|(, l)ower and h)('al mean-squaro
at'oust, it i)ressur(,s symbolize tit(, variauce of tit(,

far-fiehl I)r(,sstH'es about the (tuiescem, or mean.

value. The power sl)e(:lruin and local pr(,ssur(,

sI)e('tra are respective measures of tit(- distril)u-

ti(m of this variance with respe(.t, to ft'equen(.y.

Another indepen(h, nt quantity, tit(, 1)robal)ility-

density, or fre(tuelt(.y fun('iion ep' whi('h has re-

ceived relativ(,ly little altention in jet noise i'(,-
search, describes llle distribution of local a('oustic

pressures wil h resl)e('t to ])robal)ilily of o(_(qH'rem.e.
(Of ('ours(,, prt)bability-(h,nsiD_ ('an I)(, (h,tilJ(,d for

any suit,(hie variabh,.) Thus,

f t'_'l" (p')dp'Probabililv (p'_<l/ _ l/_) ,,:,;

_V]I(H'(*

(l,' (p' ) = d,v
dp'

and

(Is)

.]'_ 6' (p' )tit/

5

(of. ref. 12). The m(,asured prot)ability-density

• '(p') may bo related to the normal, or Gauss|an
fun('t ion

p 1 1
(1')= _ :-'2_,_, ]: (19)

(._'3

_2_rz

by means of the Edgeworth series

(_,_ l_/a? _(a) , I /_, X _4
(:' ' (v')

[ ..]+...=¢,(p') 1-4 3!a3 a_ j,i\:4 'I as--'

(2o)
_.V ] I CI'(_

_,:,:J'_ p'a'V' (pt) d]/ (2l)

#4:= I_ _ ])/4(i)/ (])v) (t])t (22)

(('f. ref. 13). A measur(, of lit(' eh)selwSS of the

measured probalfility-density function to tit(,

normal function is obtained I)y (.omt)uting the

moments ,ua/oa, the ('o('ffh'ient, of sl,:ewn(,ss, and

(_4/a4)--3, the (,oetti('ient of ex('ess (or flatness).

APPARATUS

AIR-JET FACILITY

A diagram of the air-jet installation and a

l)hotograt)h of the downstream portion of the in-

stallation are shown in figure '2. In most rt,Sl)e(.ts,
tlt(, air-jet systenl is similar to that d('s('ribod in

ref('r('n('e 9. However, the preheater systmn

shown in figure 2(a) was not utilized in tit(' t)resent

t(,s! sc,'ics. Air is supt)lied by remole COml)resso,.s

at a gage i)ressure somewhat h'ss than 125 pounds

[)('l' S({lltll'( _ ill('h filial 2l| lt('fiF-_llll[)i(ql| |.(qll])(q'_l|lll'( *.

Th(' l)h,mnll 1)ressur(, is ('ontrollabh,. Th(, jet.
enl(,r,,:(,s in a horizonlal dire('tion 10 f(,(,| above the

ground i)]mle and lllOl'C, than 100 feel from the

Heart,st structure other than lit(, jet installalion

list,If. Three ('ir('ular ('onv(,rgetll nozzles (fig. 3),

()tit, having an exit dianwter of 5 in('hes, tit(' other

two having exit diamet(,rs of 3 in('hes, were used.
Tests on th(, two 3-ineh-diamt,i(,r nozzles were

wi(Mv separal(,d in time. (The acoustic abSol'l)-

tug mat('rial ('over|rig the l)h, mml face and nozzh,

(tig. 211))) was removed befor(, making far-field

Ill(qtSlll'(Hll(ql|s. Also, Ill(, llli('Fo|)holl(' it('{ u21[Ol"

shown in the figure was renloved during the
l)r('sent tests.)
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/ C

/

_ Nozzle

Plenum ,

112 Ft =

I0 Ft above ground

Muffl_
I_ "_--"_-In_ oir line

Open 7

: 90 Ft , 9 Ft

4 F t above ground =lBel°,_r=:

Flow-meter ing ,,-Air- t groat

orif ice-_ rControl / operated |

_ _, shelter / valve |

', I---I /  ,,o,of
I 15 FI I [ /' 1 operated /
L I _ _ ,, , valve J

CWater

,' separator/

L_Burner (fuel lines, /L,/

L

controls, and
instruments not
shown)

//

]

//

In control sheller ) /-/7-In.0' 1 underground
Thermocouole switch- I air line

(o]

(a) Plan view (not to scale).

F[mrnE 2.--Air-jet installation.

(b)

(b) Downstream portion.

]"inuRE 2. --Conclu(lcd. Air-jet installation.

To deternfine the jet veh)city, weight-ttow rate

of air, and nozzle discharge coefti('ient, a cali-

brated orifice plate was inserted in the air line at

the point shown in figure 2(a). The following

pressure differences were measured and indicated

by mercury or water lllfl]lolllete]'s:

(1) gage static pressure upstream of the orifice

(mercury)

(2) static-pressure drop across orifice (water)

(3) gage static pressure in ])]enunl (mercury).

Ambient pressure and temt)erature data were
obtained from the Unit(,d States Weather Bureau

facilit:y nearby. 'remperaturt,s were measured

usin_ iron-('onstantan thermo('ouph,s located up-

stream of the orifice plate and in the plenum.

The computed nozzle i)r(,ssurc ratio was the
stati'.'.-pressure ratio. However, t)ecause th(, air

velodty in the plenmn was n(,gligible, this ratio

was ,,quivah, nt to the ratio of the ambi(,nI static

pressure to the 1)lenum stagnation pressure.

,cousv_c _ECOamNG AND ANALYSIS

A_oustic data were rccord(,d from a battery of
essmtially non(lirective condenser mi<'rot)hones

(as _nany as 11 re|crept}ones) mounted lO feet

3oa.

I"[_;UrtE 3. Nozzle configurations.
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Azimuth,

8,
deg

RF#,,

15

-Nozzle exit

15

_'-del axis, _

FI(_URE 4.--Microphone stations.

above the ground plane on poles and located 50
feet froin the nozzle exit at azimuth increments of

15 ° , as shown in figure 4. A block diagram of
tile acoustic-recording circuit is shown in figure 5.

Microphone power supplies having very low

From other
microphone

power supplies-.

.--Microphone

and

preamplifier

250-Ft cable

_Ich

Decade lamplifier

t Sound- J
level

meterOscilloscope I

I
, JT_in-chonnel [ IAodiof,equeoc

I oudspeo,errmmoooe"c-taper---1spec,rome,er
' I recorderJ / andrecorde,

FIGURE 5.--Block diagram of acoustic recording and

analyzing equipment.
5a2._s5 60 '2

impedance outputs permitte(I the use of long
cables from the power SUl)plies to the ('ontrol

room without introducing apprcciabh, frequen( T
distortion. At the control room, amplification of

the signal in decade steps was provided in order

to obtain an optimum input-signal amplitude for

magnetic-tape recor(lings using a twin-channel

recorder. A typical system-frequency-resl)onse

curve (from microphone inl)ut throtlgh playback)
is shown in figure 6. The mi('rophone response

A

"O

_ 4C
C:

=g.
o g -15
n,- .

& -2c

IlIJJJJ JJ]I J[[Jl]J ] I J_t_
I t]itll ,
[ IIItll

I[[I _12_ _

I t I_ Illl!!! lll Hl Ili[ll J Ill[IllI[ll/ll
Illliil ..
I]ll]ll

IO0 IO00 I0,000 I00,000

Frequency, cps

F[_;VRE 6.--Average response of complete acoustic systems

(microl)hone inputs through l)htyback). I{ecord levi,l,

--10 voice units; tape speed, 15 inches per second.

accounted for most of the deviation from tlat

system-response. Each system wa.s operate(i

only within its range of linear amplitude-response.
Signals were monitored at, the output of the

decade amplifier by a sound-level ineter and at the

output of one of the ta,t)e-recorder chamwls 1)3 an

oscilloscope and a loudspeaker. Periodic ('ali-

brations a b a single frequency were made using a

miniature lou(lspeaker and a bat.tery-oI)eraled
oscillator.

Over-all sound-l)ressure levels were represented
by the monitored levels. Noise spectr_t were

tra.nscril)ed from the tal)e recordings 1)y means

of a one-third-octave speclrum analyzer and an
automatic level-recorder. The sound-level meter

was rL full-wave-rectified-averaging type, whereas

the a ut,onudic h,vel-recorder was a quasi-1)eak-

averaging tyt)e.

Acoustic-pressure probability-densities were de-
termined from the tape recordings 1)y means of

the probability analyzer described in reference
14.
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PROCEDURE

The emire air-jet installation was shielded

SOlllewhtll. frotn iho wind by dislant buildings.

However, as noted ltreviously, wind data were

ol>t.ained fi'om the Weather Bureau facility nearby.

Noise surveys were performed only when rel)orled
wind velocities were less than 20 miles l)er hour.

Preee(ling and following each series of Iest s a

microphone calibration signal of known h,vel

(12l db re. 2)<'10 -_ dyne/I'm 2 at 400 cps) was

monitored using the sound-level meter (cf. fig. 5).

The signal waveform was monilored at the tat)e-
recorder output, to ensure against appreciabh'
waveform distortion.

AMtow was initiated atul adjusted to the de-

sired conditions, and then the noise at, each station

wits tape recorded. Ove,'-all noise levels were
monitored from the sound-level meter and noted

when the wind was a minimum.

lh'cause of the wide range of noise h,vels en-

eount.ered during a single set of measurements, it

was found desirable to adjust, the recording hwel

afWr establishing the selected flow condilions in
order to ensure lhat re(,ordings wouhl remain

within lit(' range of linear syst, em-resl>onse. The
known calibration input-level and corresponding

sound-level-mehq" reading plus the sound-level

rea(lings obtained while recording the noise were

suilicient for determining noise h, vels. Acoustic

power was eah'ulated according to the method

given in refi'ren¢'e 15. Noise surveys were per-
formed for several values of nozzle pressure

ratio, both subcritical and sut)ercritical.

RESULTS

TOTAL ACOUSTIC POWER

Subsonic jets.--The total actmstic I),wer W
radiated by sulterilical flows from the 3- and 5-

inch-diameter convergent nozzles is indicated in

tlgure 7(a) as a function of the IAghthill pat'am-

eter L. Both curves have slopes slightly greater

than unity (on log gral)h paper), which indicates

that tit(' exponent of l" is slightly greater than 8

(ef. ref. 5). The lateral displacement of (he curv(,s

a,1)l)ears to result from tile retluced value of the

nozzle velocity coeflh'ient ('v associated with t,he

highly convergent nozzle (of. al)pendix ('). The
total I)ower output of the jet from lhe 3-inch-

diameter, 30°-eonvergence-angh ' nozzle is al)prox-

imately 2 decitwls less than that from the h,ss-

convergent jets.

To al-acoustic-l)ower delel'minat,ions have also

1)een reported in references 9 to 11 and 16 to 20.
The various far-iiehl noise characteristics (.onsid-

eyed in these reports ave listed in t al)le I. Addi-
tiomC data are contained in several unreferenced

rel)orls, ltowever, these data are generally not,

sutli(qently complete t() permit Ill(, calculations
indicated in this reporl. The 5-inch-tliameter

nozzl' used in the t)resenl t esls was identical to

thai. reported on in reference 9. ()therwise, with

the l)ossibh' exception of certain of the engine

tests reporte(l in references 9 and II, none of
the nozzles were exactly silnilar. Moreover, as

outlined in tal)le II, experimental conditions

were generally different. (For the largest values
of tit(, IAghthill l)arameter, the engine noise data,

as well as the hot-jet noise (lata from ref. 20, art,

associated with (.hoMng t)f the je(, i.e., P/po _-

2.2, mid the flow is h)cally supersonic. However,

these data fall along the total-power curve for

subs(,nic jets. Therefore, jet.-engine noise ag

rated engine speed will be discussed under the
heading "Sul)sonic jets" throughout the remainder

of this report. This similarity of hot <'hoked

.if'Is !o sut)soni(' jets may result, from a reduced
effe<'* of the shock pattern on noise generation

fronl hot, jets.)
Tie results of all It,sis are shown in figure

7(It). (Note that the data ('overa range of nearly
100 IlL This ('orrespon([s It) It l)owe[ ' ratio Of

y' _o 5 50 - t i
o 3 30 / LI-g

i t(-° 3 6, ../, __L J 44_140 _o

1
g ,.-,__ -_ ....,. .,

----- I IIlI[P - i I IIllll 1 t 8..... '_l_ _I]] Illll ! ._
,o; [IHtllM// ]1

•i I [0 I00

Lighlhill porometer, /_ x 10 -4, wolt5

(a) Pres('llt tests.

]gI(;URE 7.--Total radiated acoustic power as ftlliclion Of

Light hill parameter.
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]0 TM, O1" a, Fa, l/ge of fell billion to o11o.) Most of

tile curves tend to satisfy equation (5). They

spread over a range of lI" of nearly 5 decibels,

exeet)t at the smallest values of L, where the

spread is somewhat greater. The sI>read does
not result fl'om random errors of the individual

data points (for which the scatter was generally
legs [ hlln I or 2 db'), but rather results from system-

at ie differences among the various experiments.

(For examph', the curve from Pratt & Whitney
Air('raft data received in a private eommunica-

tion has L based on p, rather than po. ()n the

I)asis of p0, the slope of the curve wouhl be slightly

_rreater.) The acoustic-power curve from r('fer-
em'e 16 is displaced so far from the trend of the

curves in figure 7(I)) that it was neglected.

The a(.oustie-power eoefft('ient K can be deter-

mined by applying the appropriate equations in
tilt, section entitled AC()I;NTIC SIM[LAIIITY II,FLA-

"I'I()NS if illean-s(lual'e acoustic pI'PSSUI'PS al'e Illeas-

ured in the far fieht in a quiescent, nonat)sorl)ing,

free Sl)aee. Otherwise, correction of lhe data.

might be necessary. Faet(lvs to be considered in

comparing the results of various experiments are

listed in table II and discussed in app(,ndix C.

Estimated values of the sig,ili('ant e,ol"re(,tions are
listed in tabh, 111. lh)wever, no attempt has been

made to correct tlw results shown in figure 7(b)

be('ause all possible signifi('ant re'rots, 1)arti('ularly

the a(.ousti(' calibration error, eouht not be
evaluat ed.

()n the basis of the results shown in tigure 7(tl),

K_--3X 10 -'_

A('('Ol'ding to Lighthill, ]al'ge differences between

the jet temperature and ambient t(,Inl)erature are

likely to have only a small effe('t on the total
acoustic power generated. From the curves

showa in figure 7(b), no temp('rature ('fleet is

apparent ((,f. ref. 19).

Supersonic jets. -Most of ill(, awdlat)le data on

the a('ousti('-powev output of supersonic jets is

contained in references 2, 9, and 20. The data in

l'eferenee 9 were correlated empiri('ally in terms of

ll'/A as a function of l'/po, which was found to

apply for subsonic as well as choked jets. When
subsonic data for a wider range of jet temperatures

are considered, the correlation fails. This shouhl

be expected (as pointed out in ref. 9), since W/A=

I£_)l"/'a_ yMds ('orrelation. ('orrelation in terms

of l'/t_, wouhl require that Pfpo be a unique

fun¢.tiou of pol'*/a_. This requirement is satistied

only for" constant tem])erature.
] u r( ferences 2 and 3 a correlation formula based

on me'hanieal power of the jet is given. The
formul _ obtained fi'om rocket noise data is

PWL=78-[-13.5 log IV,,_ (17)

where I)WL is in de(,ibels (re. 10 -13 watt), and the

jetstream mechanical power W.,, in watts, is given

by

|| _.,= l"l.; (18)

This fc rmula fails to agree with the present results.

However, in view of the wide divergence of the
test conditions from whi('h the formula was estab-

lished with those of the t)resent tests, the disagree-

merit i_ not Sm'l)vising.

The function 9(l'/p,)) (('f. ¢'q. (8b)) computed
from t w data in v(,ference 9 and from the l)resent

tests i, shown in figure 8 as a fm.qion of nozzle

1)ressule ratio l'/p(,. ]n comlmting 9 the assuml)-
tions were made that +I*_--A and a*_a, so that

the subsonic region downstream was regarded,

from the standpoint of noise radiated, as equiva-

lent to the same nozzle operated at. critical pressure

ratio .rod at. the same exit temperatm'e. No

systematic ('ause of the sl)read of the eohl jet data

for eo-lvergent nozzh's, other than geometric

dissimilarity of the jets, is al)pavent. The repeat
test re;ults for the 3- and 5-inch-diameter nozzles

m'e in good agreement with the original results
from ]:,f(,rcnce 9. The majority of the data is

restrie ed to a narrow range of dialneters and

t empeJatures. For g expressed in terms of the

t)lemmL static pressure, rather lhan the ambient

pressm e P0, ill(, ('(wrelation was not nearly so good,

as was eXl)e('ted.

One datum point (from vef. 20) in figure 8 ((,f.

fig. 7(I,) also) is associated with a hot iet. The

extremely large value of 9 for this nozzle, as well
as tilt fact that most of the noise from the

(.onv(,r _ent-divevgent nozzle at design pressure ratio

is attr 1)ute(I to shoek-turt)uh, nee interaction (fig.

9), in(ieates that tilt, signitlean('e of the inter-

action on noise pro(lu(.tion is prol)ably greatly

ovevrate(l I)y using equation (Sa). Aerodylmmic

noise _nay dominate in the supersonic region as

well as in the subsonic region.

1t is imi)ortant to note that the effect of large
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FI(_URE 8. -Acoustic power funclion g(t'/po) as function of

llozzlc ])ro,_sIIre ra[ io I'/po.

changes of ambient eon(litions on total-power

correlations has not been tested experiment,flly.
This is also lrue for all lhe ('on'elations which
follow.

ACOUSTIC-POW ER SPECTRUM

Subsonic jets. l)ower st)(,ctra asso(,ial(,d with
subcritical ttows fronl the 3- and 5-inch-diam(,t(,r

nozzles arc shown in the al)propriat(' (lim(,nsio,d(,ss

form (of. eqs. (10) and (11)) in figure 10. Tim

sp(,ctra for the smaller (liameter nozzh, are som(,-

what more peul<(,d. This resulls from geom(,tri('

dissinfilarity of the nozzles and is not an (,fl'(,(.t of

Reynolds number or Ma('h ntlilll)lq'. ( !orl'eSpoll(l-

ing sp(,ctr_ from previously 1)ut)lished data are

pr(,s(,nted in figure 11. The spectra are gen(,rally
similar exceI)b at, i.hc low-frequ(,n('y end. S('ath'r

of the spectra at the low-freque)wy (,nd is cause(l

I)y ])seu(losound resulting fi'onl wind impingement

on the mi('rophone. This masks possibh, near-
field (,fleets which lnay be present at the lower

acoustic frequencies (ef. ref. 21). This low-

frequency portion of each spectrunt is n('gh'cted,

and th(, bounds of the assemblage are shown in
figure 12. No average curve is drawn. Addi-

tional data might only be expe('ted to fall within

tlw 1)ounds shown. In figure 12(a) tit(, spe(,t,l'tlnl

for the larger 'dr jets (D_2 in.) and turbojet

engines is shown. The spread of the (lala is

roughly t0 decibels, ex(,ept at, the highest audio-

frequen(%s, wh,,re the st)re,M is nearly 20 (hwil)(,ls.

Part of the spread of the t,Xl,l't,nlo bounds of the

st)eelrmn al. the ]figh-fr(,(lue,wy end likely results
from failur(, in a few of l h(, exp(,l'inwn/s to correct,

measured spectra for inslrumenhfl dcvialions from

tlat frequen(_y-rest)onse, ttowevt, r, slight dif-

ferenc(,s of the lip contigu,'ation of the various

nozzles may Mso inilu(,nc(, the st)e,qrn at, high

frequencies hi, cause the high-frequen(.y noise is

-

"-4 : Z Z

Nozzle -exii 0
I diometer, _ '_

o, ! =
in _ -4

o 5 ,_i

[] 3(30 ° Convergence angle) i 2 _-"

0 3(6 o Convergence angle) I _t

.I " 2.7 (Ref. 20, hot jet) 4__10 _"
-- 3, 4,5 (Averoge curve J i

from ref. 9) q _

-- 4(Convergenl-divergent4 -4
nozzle;design PIPe, _ _

J2 4_--_--_#4--,30 (ref 9') j_ 0o't t ttt! t!t -2o
1.5 2.0 2.5 3,0 3.5 4.0 4.5

Nozzle pressure rotio, P/PO

FIGURE !).--Rabio of acoustic 1)ower contribution from su-

])(wsonic region ll])st, r(_[tlll to that from ,";/l|)SOlliC rugi(m

downstream as fmmtion of nozzle i)ressurc ratio l','p_.



] 2 TECHNICAL REP()lt'I' I{--52---NATIONAL AERONAUTI, ?S AN I) SPACE AI:MINIS'! I{ATION

g('tle,'_ttt'd primarily t_ear the lip. The <'olh,('tivt+

sl)(_(.trtmt for sm_tll air jr, is (D_2 ill.) is showtl in

tigurt, 12(t)). It dill'ers sigtlifi('_mtl)" ft'om th,lt.

of lh(' htrger jt,ts it_ t lint, the spectrum slop(, is
h,sser at the [()xy(,r fr_'(lu('tlt'ies atid grt,titt, r at th(,

higher fre(|uent,it,s. Th(, sp(,('t.r_t, from l'<,f'er(,|l('(,s

1(; trod 17 t_re (,xcet)tiotls to this t'uh,, howevt, r.

'l'h(, (lim(,tisi(ml(,ss pow(,t'-sp(,('tl'al-<tetlsit._" ('ut'w,s

_r<, g('_(,7'_]l 3- q<l_si-s3mmet.ri(, ot_ lh(' log_tvithmi(,
,D

1)lot t|ll(l l(,t_d to l)t'_tl,: itl the it_t<,t'vttl 0.1 =<f _< 0.2

<I" tl_(.f')<5. TB(, fall-oil" r_lt, e is
f_tt' wttich 0.(;=i) W =

slightly grc:tt('r ()t_ th(, high-fr(,(lU(,ll(' 5" ett<l of th(,
Sl)t,('trttm thrill ott th(' low-fre<lU(,_(; 3" end.

The spt,t'tt'_t i1_ tigul'(, ll(f) show _ slightly

_l_d it rt,ducliott of tht, Strt)uhttl mm_l)er of tit(,

Sl)t,clt'um [)(,_k _s lit<, j(,i l(,ml)t'r_tlur(' is i_t(.rt,_tse<{.
'l'h<,s(, (lt<l<t w<'r_' t,_kt'tt it_(loot_, h('_('(' w('t'(' t_t_-

+_t]'<'<'l('(I }_'+ witl<l, xxt_(,_'(,+_slh<' <'<)t'r<'sl)()tl(lit_g <l+_t+_

it( tigris'(, 11(<') were obt++i,_(,d outdoors. The

('had+g(+ i_t spt'ctrum shaD<.' +tl)l)('ars ('omI)t_ti|)l('
witit tl+(, (,t_a_tiz(' i_ the j<,t v_,lo(.it3 + distt'il)uti(m,

het_ce ge<)metric (lissimih_rity, wtti('h o('('ttrs _ts the

jet telllp(,rt_l,ul'(, is ch_tttg(,d.

Supersonic jets.---I)imensi<)t_[(,ss Sl)t,(.tr_ <'<)m-

l)t]ted _.++'t'omlit<, l)t'(,s(,nl d_tla at'(, shown i_t flgur'<,

1:+. T+t(' ('(tr_'(,l+ttio_t ix l)_'(,s(,nl(,d i_t terms of a,

_'_th(,t' than I r, I_(,<._tus(,<)f <,}tol,:i_g. Th(, Sl)(,<.tr_t

t<,ttd to 1)('tt]': it( th(, i_+tt, rvttl 1 <-a +-_('f')<:+"
=/) I1" '

0.! < [,I) <: 0.2, (,x('(,I)i wh(,t'e ([is('r(,t<,-fr_,(lut,t_cy
(_

wi_istl(_ o('('ur. Th<,s<, (lim(,_sio_th,ss Sl)t'<'Irt_ _r(,

gt'u_(,t't_:ly itt ('xct'll_'t_t. _tizt't'<'mt,_t with th(' Sl)(,<'t.r_,

for stti>sol+i<_ flow from the st_nte _tozzh,s (('f. fig.
10). 'l'}_e st)<,('lt'a for In<, '._-in<![t-di_ln_t,t(,r _+()zzh_

it_(.lud(_ dis(.r(,l(,-fr(,(lu(,_(. 3 whisth,s. N(,_tr the

whistle fr(,(lU,,tt(. 3 th<' Sl)ectt't+ (lo trot <'om'htt,('.

Th(' 5-in<'h-(li_m_(,t(,r nozzle, _li_l _()t t)t'o<tu(,e_
wl_isll(,s.
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(e) Elfect of :tir-.id l{,ml){,rat, ur(, (u'('C I! 0. N{)zzl(,-,,xit {ti:uu(,t_,r, 0.5625 il_ch; aull}i{,nt; tcmt}{_r:ttm.e , 515 ° l{ (approx.).

(1") l.:tl'{,{.t of :dr-jet t Imq}(,r:dur(_ (fl'()lll fig. 16 {,f r(*f. 10). Nozzle-cxiB (lianiet{,r, 1.9 inches; ambient, temperature, ?.

l,'[{;va_: l I. -(!(}nti]m(,{t. l)im{,nsionh,ss ]}ow(,r-st}ectr:d-d_,nsiiy fun{,ti(ms for subsonic jets.
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Conclud(,d. l)im(,nsionh,ss powpr->l)e(qr:_l-d('nsity fun('fi(m_ for ,qd)_oniv j(,l_.

Spectra ('()mpul.('d from l)r(,viously I)uhlish('d
data are shown in tigm'e 14. Sl)(,(.(ra from any

one eXl)('riment are ill good agreement., l[ow(,ver,

there is some diffec('n('(' among the resulls from

(lill'erent experiments. All results, with t,h(, pos-

sil)h, exception of those for model jets in fi_'ur('

140)), are for hot jets. Figure 14(I)) (r(,f. 2, fig.
45B) shows an average curve for mo,h'l jets,

turl)ojet (,ugines, and ro('kels. It is ('htim('d in

referen('e 2 limb the (lata for all jt,ts agree best

when (h,' comparison is 1)ast'd on (z, I)ut that th('

similarity of rocket (lala alone is best when based

on l'. This may result from the fact, thai, (h('
vo('ket nozzlt,s were (h'signt'd to minimize sho(!k

strengths. From ti_t' rot'l<('t data shown in
rt,ferenve '.2), it appears that I he vahn, of _trouhal

]mml)er (based on tt) at whit'h the spectrum

])eakt,d tended to I)e a slightly (h,vreasit_g ftmetion

of thrt_st. A similar result is silow]l in tlgure 14(a),

where the effect is ]'elnte(I to t emt)erature.

For hot jels there is no eviden('(, of whistling.

]n far't, the at)s(m('e of whistling appears 1o I)e

gent,rally (.hnra('t(,risti(' of hot jets. The effe('t

of jet temperature is shown in figure 14(a) using
data 1"Olll refl,rt, t_('e 10. The result is sinlihu' to

that in" sul)sonie jt,ts, mtmely, a ]'cdut'tion of the

,";trotiml mmUwr of the spe('tl'unl peak and an
increased fall-off' rat(, on the high-fr('(lUt'n('y end

()f the Sl)('('trmn as t(,ml)eralu]'(, is in('rt,ased.

ACO USTIC-I'IRECTIVITY FACTOR

Sul:s0nic jets. The dire('tivilv fa('h)r M(0) for
the tire(, nozzles and subsonic flow (.ondit,ions is

_how_ in figur(, 15 qs a ftm('iion of azimulh 0 (('f.

tig. 4 mt,asm't'd with (hi, I]ow dirt,('tion as the

origin In all cases k'(O) is a maximum (k'=3)
near _ :-- =L__30 °.

(?()t r(,spoi_ding r(,sults fo)' orh(u, tests are showtt

in fil;ur(' 16. ])it.(,(.(.ivily l)at.t.('rns w(,]'e (h,-
(evmi utl)h, only from dat, a oi)tain(,(l in th(, "fro('

ti(,hl,' thai is, outdoors. Th(,y are gen('rally

similar lo th(, l)r('s('nt r(,sults. Th(, maximum

wflu(' of k'(O) is gen(,rally ]arg(,c (,("(O) _--6) for the

t.urbo.i('t (,ngin(,s and o(.('m's at. an angh, slightly
greater than ±30 °. This is rt,gnr(h,(l as a t(,ml)t,r-

arm'(, eft(,('(. For hu'g(, values of azimuth, (hat
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iv, .i)str(,am, noise from th(, cllgine inlet might be
(,xp(,_.t(,d to yield larger wflucs of k'(0) thall for

air jets. At, least for 0< 120 ° (the limiting val.c

of 0 for th(, Mr-jet tests), no itL(u'easc appears.
The extr(,m(, ill('re_|se of k'(0) as a f.uctiorl of 1:

shown itt fig.re lti(a) likely resulted fl'Oltl jet
iml)ing_'meut ()_l the mi('rol)hom,.

Th(, tlssemblage of patterns for subsonic jets,
t)oth hot "_ml col(I, is sitowrl ilt fig.re 17.

Supersonic jets.--Thc directivitv l)att(,rH_, a_

(tetermilled fl'om the l)rcs(mt tests, _rc shown in

fig.r(, 18. The maxim.m wfl.e of k'(0) a_d its

_ssoci_ltc(l _rugle _r(, apl)roximatcly the s_nm, as for
the subsonic case. The scatl(,r of lhe (hlta for the

;¢-iiich-(liameter llozzle at the hlrge vMues of
_zimuth is l)roh_d)ly i.(hl('e(I hy the (lis('ret,(,-

freq.ency, and ofl(m tmst_|t)h,, whist.ling.

()ther results are showll i. fig.re 19. For II hot

10

i
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I

"5

o

g
",y,

c

: : 1

! !: !i!:I

i

.oo i .01 .I

Strouhol number f'_

J

I0 c5

_-20

-50
I0

(a) Nozzl_'-('xit (ti:tm(,t,,r, _'2 in('h('_ (r('fs. !), 10, Ill, 17, "tnd t,'('_(mt t_'.',ts).

(b) Nozzlt,-(.xit (liam(dt,r, _2 i_lche_ (r('f._. 10, 18, arm 19).

l"lcv]lE 12. Colle('tiv(_ l)OW('r Sl)('ctra for sul)so_fic jets.
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I
Nozzle pressure Tolgl acoustic

ratio, power,

p/% w,
watts

1.99 22.0
2 12 30.2
1.98 6. I

2.12 12.4
3.04 222
4.39 1350

I:

.I

,O
Strouhal number f-_-

l)inl.nsi()nh,ss l)o_v('r-sl)eetral-d('nsit y functions for sul)ersonic air j(,ls. 1)r(,_t, lil. teMs.

air .i(,t (fig. 19((:) lhe maximum vahle of #'(0) _--7
and occurs at a slighlly larger value of azimuth.

This hlrgcr vMm, of b'(0) for small 0 is n(,(',,ssarily

ac('onlpanied lw a large redtwlion of /c'(O) in Ul)-

stream dire('tions (0 hlrge).
Afterhm'ning t,m't)oj(,t,-engine direclivit,y pat-

h,ms are shown in tig.re 19(t;). llere, the maxi-

mum Y.lm, of/_:'(0) _--5 at 0 _ 45 °, that is, the luigh,

of niaxiniuni l)rOl)agalion increases lls the temt)erli-
fur,, is increased. This result, is the same ,is in the

suh,_oni(' case. The maximum vahw of b'(0) may
also ill('rellse. This is not llssured, as shown in

JigUl'e 190t), which rel)resenls iili tlVel'tlge patlern

for i'ockeis froni diita in reference L7 (tlg. 4t5). Ih, i'e,

lil iis nlllxililtlln va|ue, _"(0'.)z;/. ltowe, ver, for

_:'(0) illllXillltlnl, 0_57 °, which llgfiill ilhistJ'aies

the iliCi'elise ill' the liilg|l, of iiilixillitilii pi'opliglilion

tit high tl,iill)ei'liltlrps. _'ol.e llilit lho rocket dlil,a
are for convergenl-divergent nozzles, so that tho

low Ynhio of nitl.Xillllllll X"(0) lliliy })e ali ef_oeb of

i/ozzh' geometry.

_OCA__COUST_C-I'RESSUIn_Sl'l_CTllA

Subsonic jets. Al)l)l'oxinlllte--in illllt lhenleler-

livurligili_ utnlrltclerislic wiis li reclifh'd iivei'lige--

rel)re;eiit.illions of diinensionless nlean-squiiro

l)resslre-speciral-densily Ill, two Yiihies (30 ° .and

90 °] _ f lizinlul.h ln'e sliown in |igui'e 2(1 for the 3-

lind 5-inrh-diluneter nozzles. 'J'lie sl)eclril, for l.tio

tw() llOZZ|eS ill. the sii.nle Yit|ue of lizinnith are ill

good t+gceenient,. The spectra for 0 30° peak in the

-77I i -(.f ;:) 1)
----- -<3' 0.i <.['i_0.2, whichinl.er_ a] I_)) l/_ , =

corre,_f)olids to the (:oor(iinilll,s of t,}it, peak of the

tot,M- lower sl)e(.l,rllni, w]ieretls lhe sl)e(d, ra at 90 °

llt.tlliJ il snlalhu' l)eak Yllhlo at a hil'ger Ytllue of

_t.i'otl lal illlllll)(,l'. Thus, the spect.rll, tit.. 30 ° lli'('

idenl:i.'al i,o the total-power sl)et'IrUlii ' whicii

partl_ contli'iiis tile kllowii fact lind. the noise netlr

30 ° l:rovides the dolllilll/llt, contribttlioll l,o lhe

powei Sl)e(:trunl. '/'lie s[)(,(:l,l'ti_ lll'e soinewhat 111o1'(_

peakc:l for the slnalhu' (liluneler n(izz|e, as in the

case ( t" l,ho power specl i'a, and at ttie snl<<lller vahie

of azimuth.

Th,; s(u_tl;er of the spoctra fit, the lower h'e-

qileii/ies is, of eollrso, olllised b.v wind.

Spectl'a for tlio 3-inch-dianloler nozzle and ii. 4-

inch-dianleler convergenl-divorgenl nozz|e from

data _flmlined Ill lin elirlier dale lire sliown in fig-
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urcs 21(a) and (b). Excct)_ for their somewhat

greater scal.ter, these results are in agreement with

those from lhe present, tests.

Turbojet-engine data for three vahtcs of azimuth

are shown in figure 21(c). '['ties(, spectra are not

in good agreement with the air-jet spectra. There

are at least four probat)le causes of the disagree-

men(; immcl.v, wind, ground reflections, jet tem-

peral, ure difference, and near-fichl effects. The

correspondin 7 power speetrl( are it( niuch bctl.el"

agreoniont. I)t, ciluse of the slnootiiing effect ot" the

integration process required lo eoniput.e them.

Supersonic jets. -With the exception of effects

of whisth,s (3-in.-diani. nozzle) and some increase

in scait.er, these spectra (fig. '2'2) agree faMy well

and lll'O also in( good ligl'ceniPlil, wil.h l.ho COl'('(,-

spending subsonic result,s. V(hero l.he whislle is

ini.ensc, il significlilil reduction of intensity occul's

in frcqtlCiicy blinds adjltccnt. Io that conlllilliiig tim

whistle frequel(cy (el. fig. 29(a), I)--3 in., P/7)o--

4.39. h]arlier t.t'sts (figs. 23(a) and (t))) of t.he 3-

inch-diameter nozzle, ('XCO[)t for having more
scatter, art, in agreenient wiih the present results.

As in tit(, subsoni(' case, sp(,cl.rii for the

turbojet engine do not. lig'roo with (lie tiir-jot

spectrll.. The llftPrhlll'lliilg- liltd ilOllllf|el'i)tll'llili_-

engine r(,sults tire in llgre(,nl(,nt, for £7=90 ° but not

for 0=45 °. Tit(, dala are too lint(ted i.o (iocid(!

Wile(her or not siinih/riiy l/ctually exists. (lround

reflection and near-fichl effect.s al)i)elu, to be signifi-

etill_ (Cf. aptiendix (!) t)y virtue of t.lio oscillations

of the spectra.

The. dimensionless lociil-l)ressuro Sl)ectra based

(ill [_" and a are shown for ll cotivcrgcnl;-diverg(!ilt

nozzh_ in figures 24(a) and (t)), resl)eclively. The

velocity range in so small that. tile corr(,lal.ions are

(,qually good. The conv(u'gcnt-div(q'gent-nozzh,

spectra posscss llie sliiil(, correlation for subsonic

arid sup(,rsonic flow, just, llS do the s])('Cll'll for

convergent nozzles.

ACOUSTIC-PRESSURE PROBABII,ITY-DENSITY

Subsonic jets.--Acousii(.-l)r(,ssure probat)ilily-

density-distributions for two values of azimuth

(30 °and 19l) °) are showli in flgure25. Thonornlal

fill(el.(eli is Ills() s]iown for COlli[)lirisoli. (_onil)utod

IOC

ml_ I0

I

0

I

0
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g
_ .01

E
i5

r 1
i

I
I
I

r
b

i

i

{a} i i

Totalacoustic,
power,

W,
watts

o 0.044
D . I07
o .200
a .577

.OOt .01 . I I
O

Strouhol number, f'

(a) Effect (if :liir-jet t(,lnl)(,rafur(! (froln fig. 17 of rl,f. 10). Nozzh,-(,xit dialil(!ter, 1.9 inches; nozzle pressure ratio P/po, 2.3.

Fml'tiF 14. Dimensionh.ss powcr-.N)eetral-(hqisity fuller ions for sup(,rsonic jets.
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(b) I{{}ck{'ts with conv{'rg[,nt,-(liv{,rg{'nt nozzh,s, turboj{'t ('I giues, and mod(,l j(,t._ (fig. 45B (}f r(,f. 2).

({') I[_}t :fir jet (from fig. 9 of ref. 2{l). N{}zzl{'-('xit di:mwter, 2.7 in hes; nozzh, l}ressur(' r.'dio l}/po, 2.27; iotul acoustic

power, 798 watts; jet t(,ml)eralur{', 1437 _ ]t.

t:_(;tnn 14. Conclu(h,d. 1)im(msionh'ss powcr-.4i){,ctr:d-d(,_,qty functious for supersonic j(qs.
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Nozzle-exit Convergence
diomeler, angle
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o 5 50

a 5 50

o 5 50

" 5 30
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•_ 3 30

c_ 3 6
o 3 30

T

0011,8,015_ 120 90 60

Azimuth, e, deg

Jel
velocity,_

U,
ft/sec

676

792

879

949

1011

794

9_7

994

1009

]-3o
3O 0

&-

£1

"0

-10 ×"

: >

co

--20

F[(;ue, i,; 15.--])irectivity fun(.lions for .,,ub,,qmi(. air j(qs.

Pros{mr tests.

value,_ of l he skt,wn(,ss and flatness ('oefli('i(mts arc

listed in th(, following tabh,:

17 ft/scc

87(.)

87i}

917

(.)17

30

120

3O

120

- (1. 28

-. 56

• 28

• O8

(,_4,,"a4'} 3

0. 016 !

• 43

• 37

• 66

Although sore{, deviation from the normal d(,nsity-

(listribution is in{li('ate(I, it (lo(,s nol al}l)(,ar to t)c

great. From equation (20), this (h,vialion from

normality is most infiu(,nlial for lh(, larger {,x('ur-

sions of a{'ousti{, i}ressur(,. From tit(, physical

slandl}oint, a ('(,rtain amount of (h, vialion from

normality should t){' ('x]}(,('((,(I simply b(,{'ause of

the finite measuring time (of lhc order of 10 s{,c).
For this l'easoll II,180, tile IllltXillllllll ('X('lll'SiOl| of

th(, l)r{,ssur(, is som(,wha( in(h,t(,rminat(, (el. r{,f.
22).

FoP l)oth the 3- "rod 5-in('h-(liamet(,r )lozzh,s, the

l)rol)al)ilily-d(')M(y-(listribu(io)) for 0--120 ° is h,ss

smoo(h and (](,viat(,s l)y a gr(,al(,r amount from
the normal {'urv(, (ha, does th(, (lis(ril)ulio)_ fop

0 30 ° . This results front lh(,smalh, rratioofsig-

]ml (jet nois(,) to nois(, (wind noise) it( 0=120 °.

Th(' effect of wind al)p{,ars to t)(, {'onsid(,rahh,.

Th(, lal'K(,sl (h,vialions of ep,(p,) fPom th(' normal

curve were ('aus(,(l by wind iml)ing(,m(mt on the
mi('ropl)om,. From (h(, small numb{,P of results

showu, it is ('st imat{,(I (hat _.3/(/__ 0.3 and (#4,,:#4)-

3 --_--0.3 for all values ()f th(, varial)l(,s ('otlsi(h,rc(l.

No sign has l){,(,n al(a('h(,(l h} (,ilh(,r th(, valu(, of

(Ira skowncss ('o(,IIi('icnt or (o lh(, I)r('ssur(, ampli-
tu(h,s in Iigur{, 25, l)(,('aus(, (h(, Pt,lation l)(,tw(,cu

th(, sign of the voltag(, an(l l)r(,ssur(, was l)ra('ti-

('ally ind(q(,rmimH(, in )h(, l}r(,s(,n(, {,xp(,rim(,nt.

Th(, signs of the valu(,s of tlt(, ._I,:(,wn(,ss ('o(,IIi(!i{,nl

iH the (abh_ ar(, aPbitrm'v wilh r(,Sl}(,{'( Io lh(, sign

of (h(, acoustic pr(,ssur(,.

Supersonic jets. Pr()bal)ilily-d(,nsi(y-dislribu-

lions asso('iat(,(l with SUl){,rsoni(' j(,ls art, show]) i])

tigur(, 26. (Poml)uh,(l vahws of th{, sk(,wness and

tlatn(,ss ('o(,fli{'i(mts are as follows"

D, in. ¢l, fi ,,'see ! l).p,

1030 0. 470

1030 . 470

102(i . 472

1026 .472

O, (h'g #.3,,"a:{

30 0. ;{I

120 . 77

3(} - . 34

12O 33

(m,'_4)

1}. 16

• O3

.11

34

At high(,r valu(,s of P/po, h('n('(' high(')' no]s(' levcls,

wind effects ar(, less signiti('an(. No al)l)r('('iable

syst(,mali(' (h, vialion from (h{, normal ('urv(, as a
fun{'tion of azimulh is evi(h, nt from figure 26.

Coml)U((,{I values of th{' sk(,wn(,ss ('o(,Ili('i{,nt are

similar to lhos(, for the subsoni(' ('_se, thal is,

u_,,'{{__ 0.3 (sign not (h,t(,rmin(,(1).
The mom(,nts for lh(, 3-in('h-{liam(,l(,r Hozzh;

in('lu(h' the (qh,('ts of (h(, (lis('r(,l(,-fr(,qtw])('y whis-

lies. It, may b{, ('on('lu(h,{l that the {,ffc{'t of (h("

1)r(,ssur(' {'ontPil)ution of tit(' whisth, is small ('om-

tmr(,(1 (o ih(, ('ft'('('( of th(, (.onlribulion of !h(, con-

tinuous Sl}(,('trum l}(,('aus{, th(,r(, is n(} s\s!(,matic

d(,viali(}n of th(, wdu(,s of th(, moments.
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jcls (n'fs. 9, 17, unpublished NACA data, and l)resent

tcst_).

SUMMARY OF RESULTS

Fro n a, (:orr(,hilion of n(,w and t)l'(,viously pub-
lish(,d data (m _.'ousli(_ far fit,his (}[' jets issuing
from "ir(',hu' nozzh,,% lhe fo]lowing resulls were

obt ai]_ ('(l :

1. ]'or sul)sonic j(,ts lh(, relation between acous-

tic 1)o.v(,r _u.[ lh(, g(,om(,iri(; and fluid l)rOl)(,rlies

is ad(,,lUal(,ly r(,l)r(,s(,nt(,d in t(,rms of th(, l.ighlhill
l)aran (,let'. For (.ngine(,ring l)urt)oses the value
of lh(, a('ousti('-pow(,r ('o(,fli('i(,nt may 1)c taken as
_:_;X 0 -s. The a('ouslic-i)ow('r fluid-l)ropcrly

r(,hdi( ii al)t)_,ar(,d unaff(,ct(,d 1)v vari_dions o[ jet

leml)(ralur(, lhroughoul llw r_mg(, 30 ° h) l:;0() ° F.

2. I'or SUl)(,rsoni(_ j(,ls, no adequate relalion

cxisls for l)r(,(li('ting iota] a('ousli(' I)OW(,r from the
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]0_ 1 r_
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1"3

17

-001180 '

o

I]!1

150

Nozzle-exit Convergence Nozzle

diameter angle, pressure
D, deg ratio,

in. P/PO

5 30 1.99
5 30 2.12 --
3 30 1.98
3 6 2.0
3 30 2.12
3 6 2.3
3 6 2.5
3 30 3.04
3 30 4.39

[: :I ,:l[ :LI !
120 90 60 30

Azimuth, O, deg

--I0

--0

t
g

-I0 ×-
Q)

_3

._c

._>

c5

-20

-2,0
0

FI(;uRE 18.--l)irc('livity functi(ms for supersonic air jets.

Present tests.

geometric "rod tluid properties ov,,r a wide range
of flow conditions.

3. Dimensionless representations for the total-

acoustic-p<)wer spectrum, directivity factor, and

local mean-square-pressure spectrum derived herein

were found to provide generally good corr(,lalion

of noise data. In ninny instances, correlations for

subsonic and SUl)ersonie jets were i(h,ntic'd. Ef-

fects of nozzle size and similarity and of jet. tem-
perature on the correlations were noted in cert'fin
insl'mees.

4. In lhe presence of diserete-frequen('y whis-
tling, the previous correlations fail m,ar lhe whislh,

frequen('y. Whistling al)l)ears 1o be a ('haraelm'-

islic of snmll, cohl, ('hoked jels only.

5. The prot)ability-densily of a('ousli(' pressure

was found to 1)e apl)roximately normally dis-

lril)ute(I, even in the t)resetme of (lis('rete-frequen('y
whistles.

6. In general, wind was lhe biggest obsh_eh, in

obtaining noise data suit able for st u(lyiug similar-
it3, particuhll'ly at the lower noise levels and

a('oustie frequencies. Microphone ('alibration

(lifl'erenees and nozzle dissinfilarity were suspe('ted

as the l)rominent sour('es of divergence of total-
power (letermim|li.ns.

LE_VIS ]{ESEAI{(?H (?]_7.NTER

-_-A'rlONAI, AERONAUTICS AND NI'AI'E ADMININTt{ATI()N

(*LEVEI,AND_ OItlO, ,]lllte 11, 1959
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5

,ac

o

o

o
&

,'1

V

Q

.01 v
@

b.

4

4

. 5lC_

÷

Nozzle Reference

pressure retie,

PiPe
2.00 9
2.14 9
2.27 9
2.40 9
2.41 Unpublished NACA dote
2.54 9
2.54 Unpublished NACA dote
2.68 9
2.68 Unpublished NACA dote
2.82 9
2.82 Unpublished NACA dote
2.96 9
2.96 Unpublished NACA dote
5.10
5.10

9

Unpublished NACA dora

I

_-I0 ×"

>,

-20

i iI t i j tll i i ill i I1] i i J II _(.°.)l _
'001,E_0I ,50 ,20 90 60 50 0-30

Azimuth, 8, deg

l0

.o

" _ Reference

+o 9 1 _ -
4-u I

k .

÷ 0 _

O
[3

r_O. - -

- [3 - --D

[3 (b)
tlIL 1111 III[ !Ill '_Ii_ Ii[I

180 150 120 90 60 50
Azimuth, 8, deg

_10

--ioi__

O-- 20

IO

o

.o

_r

0

0

..... [- - __

_

-lOi

-20

0

-_-O

(c)

180 150 120 90 60 30 0

Azimuth, O, deg

I0:

4C

;5

__ --10

2"-"

_d

o d

-J-IO
30 0

/ iI (d)
;Iil _ I ! I!]1 I! I '11!_ t

120 90 60
Azimuth, 8, dog

(a) Air jets• Nozzle-exit diameter, 4 i_ches. Data from

rt'fer_ m!e 9 for converg(,nt-diver_;(mt nozzle (design pres-

sure _.ttio, 3.0); U]tl)ublishe(l NACA (t_tta for ('onverlz('nt

nozzl,' (COILVOI'gCIICO angle, 30°).

(b) Aft ,rt)urning turbojet enKinus. },'or (]at:t from refer-

encc q nozzle-exit <]i:_meter, 2.33 f{'et,; jet velocity, 2590

feet t er second.

(c) |tol air jet (fig;. 6 of ref. 20). Nozzh_-exil diameter,

2.7 i_ ches; nozzle l)rcssure ratio ]'/Po, 2.27; jet temper-

attire 1437 ° l{.

((|) A\', rng(! for ro('kets with (.onx'(,rKonl-di\'('r_;enl t_ozzlcs

(,fig. 46 of i'(!f. 2).

F](;UR_ 19.--l)ireclivity functions f, r SUl)('rsonic jels.
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Strouhol number,

(a) Azimuth, ;_0 °.

(b) Azimmh, 90 ° .

F[C:VRE 20.--Dim(msionless pressure-spectral-density funeti(ms for subsonic air jets. Prcsent tests.
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l{_t(lius r, 50 feet.
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c

i

"5

o

&

0_

g

Q)

E

: : _ Jet velocity,
U,

ft Isec

Nozzle-exil

diomeler,

5 (Convergent)

3 (Convergent)-

4 (Convergent- -

divergent)

.001

(o)
0001

.001 .Oi

t ! T '

I

i Pseudosound

F ....

.I

z)

Strouhol number, f'-zT

1

de! ve ocity
, U

! ft/sec

o 835

_o I 8

Oio {i []!o!

_ 0

rn o

[]

i !

i

I0

Nozzle-exit 1

d omelet

©,

in.
3 (Convergent)

3 {Convergent)

Strouhol number, f'_i )-

I ii i!

_20_

_1_

0 <_

-_-io _

--i --

-_ g
--_ ._

_ E-
-21-4 0 0

(a) Air j('l. Aziniuth, ;t0°; r_l(tius r, 50 feet. (:J) Air jet. Azhnuth, 90°; radius r, a(! feet.

FI[IIRE 21. -Dillil!nsionh}ss l)ressllrO-sl)et'tral-dt,li,ity funet.ions for slll)soliic j('ts (ref. 9).
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r

Pseudosound

[

i ! ......

(c)

I

°

!i

i !!!i

[ i i .

I

5)
Strouhal number f' _--

I0

}/({') q'urboj{'t e]lgil]{'. N(}zzl{'-{'xi{ {liam('l{% 1.855 f{,('t; jet v{qocity, 1850 feot per ,_{,e,}nd; nozzl{, br(,_sur{, ratio t ,p{_,

'2.2; r'Miu_ r, 200 feet.

]"l{;u]o,: 21. -Con{'hld{,d. ])im{,n_i{}Mc_ t}r{,_ur(,-,N)(,ctr:_l-{hm_iiy funetion,_ for ,_ut)._onic jets (ref. 9).
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,3
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O

0,)

i

q)

g
O

I:z

g

C3

I

• 0

i°

I0_-- t,

_-- Nozzle-exit Speed of Nozzle pressure-_ :_: E -:

diameter, sound ratio _O, a, ' Pl Po'
in ft/sec

5 I030 1.99 _
5 1031 2.13

3 _026 1.98
3 1026 2. I 2
3 1026 3.03
3 _02G 4.39

i : i ! i !i_ i i _._ // II

L : !IlL _ SLn.--Tr
r5 InS '

• i

I0

.01

.001

(b)

Ot

_t

Ji
.I

Slrouhol number f'_
, o

+

frequency _=

O0 Azimuth, 40 ° .

(I)) Azimut.h, !)l) °.

I"[_;VRE '22.--l)inwnsiot_h'ss t)russurc-spect ral-(h,t_sity functions fur supersonic _dr ,jets. ])r(,s_ml tests. lh_diu_ r, 50 fl'('t.
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(u)Air j('l (fromfig.11of r-f.9).

Nozzle pressure

folio,

#/ Po
o 2.55
u 4.15

4

t

.I

Slrouhat number, f' _
o

Azimuth, 30°; .ozzh,-_,xit dizm.q(,r, 3 it,elms rudiu_, r, 50 f('('t; sp(,(,d of s_.t_t(l a,

I I t8 f_'('t l)('r ._(,('(m(l.

I"](;vR],: 23. l)im('nsio.h,ss t.'('ssur('-sl)('('tr'd-(h,nsil v flm('ti(ms for SUl)(,rs()_lie j,,/s.
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i

(h) Air j_.l (frmn fig. 11 of r*,f. 9).

1"[(; v at,: 2:{. (_oniiml(,(t.

!

rolio, T7

P I Po

o 255
[3 4,15 T

!
i

o
Slrouhol number f' o

Azimuth, 90 ° nozzle-exit di:nu(i('r, 3 in('h('_; rn(liu._ r, 50 fuel; _p(.,(i of _(mhd _

I I 1_ f('et l)('r _(.con(!,

l)im('nsionh'_s l)r('_m'e-Sl)('ctr: l-(l(m_il.v fm_('tion_ for SUl)Crsonic je(s.
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ioo

.O00101

O

I

D
Strouhal number, f'-u"-

IO

(c) Afterbur)dng turt)oj(,t e_gim, (ref. 9). Nozzle-exit di_m_eter, 2.33 feet; jet v(!locity, 2590 feet l)er second; radius r,
400 f,'et.

F_cv_E 23. Concluded. l)im(,nsio)d(,s._ ])rcssure-s])ectral-(tensity functio)_s for supersonic jets.

5:_25>,5 -6t1 -- 5



32 TECHNICAl, I{,EP()I{'I' P. 52 NATIONAL AEI{()NA[VI'/CS AND SPACE ADM1NISTI¢AT1ON

Jet velocity,
u,

fi/sec

o 1286
[] 1508

i L!i
. ' - 4 !f

iO-

i%%

0

2 .01

_<5.oo

(b)
.000

IOI

Vli;I'ItE 71. I)iniensiont('_ I)rt's,'.uri'l,'.l)eclrlll-(lt'lisily fllnc, lioiis for (',,nv('rgenl-(liv(Tl4ell| nozzh, ((h,sign i)r[,Ssllr, rali%

;/.1)). N(izzh,-t, xit diiiliu'tlq'> 4 inclu,s; i'a(lhi: rj 51) feet; :lziinlllh, ',Ill °.
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SIMILA]:{ITY OF FAR NOISE FIELDS OF JETS

+-- o Experimental
____L_ e-,r2120-2
V2+r o- 4

o'= 4.55 volts J
= 1t4.5 db (re. /

2xlO -4 dyne/cm2)!
0.22 Ib/ft 2 -'

-12 -8 -4 0 4 8 I 20

Signal amplitude, volts
.6 .4 .2 0 .2 .4 .6 .8

Acoustic pressure, Ib/ft 2

-- _oo _E'xpe'ri men'tol__

_F---- -_ e-x2/2_2

_____o-: 6.28 volts ]
I I : 103,5 db (re.

__ 2xlO -4 dyne/cm2)_

33

i I - , i i i r/ , [ +o Experiment0,7

G = 5.25 volts i
-_ __ _--- V-__l t t = 100.5 db (re. 1
-'Z'0Ul I [_ _-_ _- 2×10-4dyne/cm2)fi

_-_- b¢ b k +_ -r ,-_LT_ _L = 0.044 Ib/ft 2 -
.06,i .L-.. r ;

8°4' ' ' ! ' i ---

-20 -16 -12 -8 -4 0 4 8 12 16 20
Signal amjplitude,jvolts

.15 .10 .05 0 .05 .i_O u_ ..15
Acoustic pressure, Ib/ft 2

_-. _ _-:,2:
_--_-_. _+

__ _t- 2xJO-4 dyne/cm 2}

._.04

2 -_2:-,+-,2 -8 -4 0 4 8 ,_0
Signal amplitude, volts

I I I I I P.... 0_6•06 .04 .02 0 .02 .04
ACOUStiC pressure, Ib/ft 2

((') Nozzle-(,xit (tinmet(_r, 5 in('h(,_; :tzimulh, 30°: jul
velo('ily, 879 fl.,,t,t per _et'(md.

(d) Nozzle-exit (li:mmt('r, 5 in('h(,_; :tzimlHh, t21V: j(,l

v(,h)('ity, 879 feel t)ur s('c(m(l.

]4'I(;UR]': 25.--A('(msli(_-l)r('ssur(, l)roh'd)ilily-(l(_n_ily fur _ui),,,oni(' air jet:. l{u(liu_ r, 50 feet,
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_- 'o 'E:peTrJen't0,....
_-_ _ ; _ _- +---_ e-,_/2__

I I I I o-= 5.12 volts

_'_--_'_-- _ _- = 124.5 db (re.

-,_.08_ -F--_ t L _p 2xtO-4dyne/cm2)-_

_.o4 _ - ---_ ,_?'-- +

o,_,__2,_ I I --__
a_ -'!0 -16 -12 -8 -4 0 4 8 12 16 20

Signol omplitude, volts
i I I I I

2 I 0 I 2Acoustic pressure, Ib/f 2

' _ o Experimentol

i i _o-
.tO *----'-

[ ,_(_b,_ I : 109 db (re. i

70 .081 _ 2x10-4 dyne/cm2)!

!. ,:(_mibzft2 , ,
_ s_6f , ' , _ '
-u I

:5

2 o_ °
Signjol ompiitude, voltsI I I I l I I I

.4 .5 .2 .I 0 .I
ACOUStiC pressure, Ib/fi_ .5 .4

FL
I

L

_.08

_.o6

.04

.02

o
& -20 -t6 -i2 -8 -4 0 4 8

Signol omplitude voltsL _L _.] • ]' 1
.8 ,6 .4 .2 0 .2 .4

Acoustic pressure Ib/ft 2

= 5,37 volts
114.5 db (re. ]

2xlO -4 dyne/cm2) 1
0.22 lb/ft 2

12 16

±

.6

(il) Nozzh,-uxit (lialn(,l(,r, 3 ill(!h('_: azin/ulh, 30°; nozzle

l)rt,_sliro r:lAil.) P/p,, 2.12; _l)eCd (if _Olllld (Z, 1026 feet

])or 5('('()lll[|.

(b) Nozzh'-exil (li:uil('tcr, 3 itichcs; azimuth, 120°; liozzlc

pressure ratio l>/p_, 2.12; ._t)_'('(t of sound a, 1026 fcct

1)(,r SP('I)II(|,

F[(;vil_: 26. -Aco,<lstic-t)ressurc probability-d('nsily for SUl)Crsonic air jets.

(c) N, zzle-exit di,_lliletlq', 5 hicli('_; azilnuth_ ::I0°; nozzle

t)res_ure ratio P/p., 2.13; Sl)ee(| of solilid a, 1030 feet l)cr
sooo_ld.

(d) N _zzle-cxit diameter, 5 ilich(,s: :tzimuth, 120°; noz-

zle l ressurc ratio P/Po, 2.13; Sl)(,ed of so,m(t a, 1030 feet

])(}r ,('(!Ol ld.

Radius r, 50 feet.
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APPENDIX A

SYMBOLS

nozzle-exit area 7'_
cross-sectional area of supersonic jet t

at effective sonic plane down- ("

stream of exit I'_

sl)eed of soun(l ( :_

critical speed of sound, critical speed /",,,

of sound in supersonic jet at eft('(,- u,_

live sonic plane downstream of It'
exit 11"

nozzle dis(,harge coeffu:ient I1"_

nozzle velocity eoetticient

nozzh,-exit (liameter ll't

diameter of supersoni(', jet at circe-

tire sonic plane downstream of w(.f)
exit

thrust _Vc(f)

frequency, cps

geoInetric-mean frequency of filter,

cl)s _,,(f)
chara('teristic frequency, eps

acoustic power function for x_

supersonic-flow region upstream yt

acoustic intensity

acoust ie-power eoetti('ient _
acoust ic-l)ressure eOefl_cien t

OL

aeoustic-directivity factor

acoustic-direetivity factor for 0
supersonic-tlow region

Light h ill parameter, p0A (rS/a5 X

modified IAghthill l)arameter, #,_
pozl*a*S/a

modified IAghthill I)arameter,
pea (_Si/a_

chara('teristic length _'7/'f
P

mass-flow rat e !

P
1)hmum total pressure a

a('ousti(,-l)ower level 10 log (W/w0), ep,
db (we=re. acoustic I)ower= 10 -13
watt)

mean stall(' t)ressure

_tlC()llSIit, pI'('SSIII'P

acoustic l)ressure resulting from su- ( )

t)ersonic jet Sttl)serit)ts:

lo('al a('oustie t)ressure-])er-ey(!le-per- i, j
soeolld IDa(/X

local over-all acoustic t)ressure 0

radius of control sphere centered at Superscripts:
nozzle exit, r >> X

area of control sphere -,

equivalent stress tensor
! ime

characteristic velocity

effective nozzle-exit velocity

ideal nozzle-exit, velocity

mean nozzle-exit velocity
local nozzle-exit veh)city

turt)ulent, velo('ity
total at'oust it' l)ower

total-acoustic-t)ower ('ont rit) u t ion

from supersonic-flow region

total acoustic power resulting from

Sul)ersoni(' jet

aeousti(_ power-t)er-cych,-per-se('on(I

(a co u s t ic power-sl)e('t ral-(hmsit y)

acoustic power-per-cy('h,-1)er-second

generated t)y SUl)ersoni(,-tlow re-

gion
acoustic power-l)er-('ycle-l)er-se('ond

generated bv SUl)ersonie jet,

coordinates of acoustic far-tMd l)oinls

coordinates of poinLs within turt)u-

h'nee region

d'--/]

directivity correction coefficient for

su personic-flow region upst ream

azimuth with respect to direction of
jet [tow, (leg

acoust ic wavelength

/_th ('entral moment about po,

ji_ l/',I)' (p')(lp '

coordinates (see fig. 1)

mean density

density fluctuation

standard deviation, _//_-'

probability-density function

normal-prol)ability-density fmlction,

1 __(_2

sl)ace average

integers; i, ,'1"=1, 2, 3
ina, xilllllnl

anti)tent value

tinle average

vector
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APPENDIX B

SIMILARITY RELATIONS

TOTAL ACOUSTIC POWER

The density [luctuations in the acoust,ic far

fiehl, given I)y

By assuming, in general,

• (r=consl.
(B5)

1 .r.r+ I"1 b _ / ': ql_ ,

P' .+' .! ,4 ai-'T,( :I,r-- <, ),1:1
(4)

lll'l' expressed hi diniensionl/1 represenlalion by

o' oc ']-'*2P°U' '213 ( B 1)
a;r

where f* is a charm, ierislic fre<luem'y, r is a nomi-

nal distance separating the turbu|ent region and

Ilcoustic-lh'ld point, 1 is a characteristic (timen-

sion of the tui'tiuh, nt region, and

Dimension c_li,_=DinieliSiOll f*-'

T o z to0u;u_ (ref. 4)

Diniension p,u'_u':= Diniension p._g-'

For acoustic disturbances,

]/_-.a2op '

so that the instantaneous acoustic pressure is

represented by

f*"pou'213
foe a_r (B2)

Sul)stituting this result in equation (3) yMds

ff _[.2

Ii, lld

,u'2oct :-_ (B6)

Foe.t (BT)

equal|on (B4' t)econn,s

1'I%ep,>,,lI :sa 7 _ (B8)

This may be written as all e<lualily (eq. (5)) t)y

inser ing a prol)ortionMity constanl K, lhe

acou_,:lic-power coefficient.

(Tile form of eq. (5) niighl also haw, been

dedm'ed fronl physical Fcasoililig alia dilnensiolial

analysis without, resorling Io the use of eq. (4).

] ll ibis case, tile result is

wlier.'/J is it conslant to I)e dcternlined t)y extwri-

lllelil .)

('< nsider, now, the acouslic power nl:liated liy

a flow region conlaining shock waves. ]f ii. is

iiSStlllll't[ that, the noise production of sllptq'sonic

jets is strongly infhienced by the t)l'eS('llCO of

shooT; waves, Ribner's tlleory of shock-turl)uh'nce

inleraclion |flay lit, applicMih'. The lheory,

iiowlvor, relates to near-fiehl, ratller than far-

fiehl acoustic pl't,ssuI'es. Thtls, reconsider lile

relat on for acoustic 1)ower radiated by a. region

of fl<,w. Ill the far fiehl, at a sphere Slll'l'Olllidiiig

the flow,

which, when substituted in equation (2), finally

yMds

ll_ f*4 oo( _)'-'16a; _ (g4)

for lilt' tot al acoustic power.

by • irtue of equations (21) and (3) luld dimcn-
SiOlU 1 considerations. BociiilSe 11"_ liiust lit, inde-

peil( tqlt, of r, consitler

__ i /2

<s,'O,)>_<s,':(/)>/:

36



SIM'ILARITY OF FAR NOISE FIELDS OF JETS

where (p'2(l)) represents a characteristic mean-

square pressure in the near fiehl aml is associated

with the characteristic dimension/. Then,

IV_oc (P'2(1)}l2 (B9)
po(lo

From the data of reference 9, the term it, F

obviously corresponds to A. There is some ques-

tion as to the relation between <]7(l)) and tit('

fluid variabh,s. This pressure fluctuation may be

related to a characteristic velocity, as in Light-

hill's theory of aerodynanfic noise. [lowever, for

the present, assume Ribner's theory is applical)le.

(?onsider proportionality (6). For near-field-
pressure fluctuations t)ehind a shock wave, assume

(p'2(I)}_p'2(_--_o<=X). in e(lualion (6), u'Z/a .2

may })eregarded as an unknown l)rol)al)lynon-

linear function of the isentropic stream Nlach

number associated with the nozzle [)ressure ratio
):

I/Po. Also, as a first guess, the mean static

pressure p downstream of the shock will be set

equal to lhe ambient pressure po. Thus, pro-

portiomflity (Bg) t)ecomes

. pt_A ,
II _= poa_,.q(1/po) (B 10)

where g(l'/po) is a function of l)/po to t)e deter-

mined 1)y experiment. Because B'_=0 for l'/po
< 1.89, it follows necessari]y tha! g--0 for' this
condition.

(By using the same variat)h,s and, as t)efore,
maldng the assumption that 72/a .2 is a nonlinear

function of 1)/po, the equation for II'_ obtained by
dimensional analysis is

II_=(/ai2)_pa3,1g' ( l_/po)

where g' is an unknown ftmclion of 1)/po, and, 6 is

a constant to be determim,<l experimentally.

This result is identical to eq. (B10) if 6=2.)

POWER SPECTRUM

For SUl)ercritical t)ressure ratios the total-l)ower

spectruIn can |)e synthesized from the t)ower
sl)ectrum components radiated by the subsonic-

and supersonic-flow regions. Thus,

II: j:'W, (f) d/'-- [-_ (J:fw(.f)dr+ j: "W_ ([)d.[):l
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mRECTIVrTY

By maldng the san)e assumptions regarding the

tm'l)uhm<'e, namely assumptions (BS) to (BT), as

were made in deriving equation (5:) for 11,(, total

t>ower W, an expression results for the average

value of lit(, Fnean-s(tual'e acoustic pressure on a

sphere of nomimfi radius r surroumling the tm't)u-

lent region:

(p'--Z(r)) =k oLll _- 4,, (Bll)
(lol'"

where k is an average acoustic-i)ressure coefficient

analogous to /x_. Let k'(0) represent a directivity

factor a function of 0 only, for jets having circular

cross sections. Then, at any fiehl point on the

spherical surface, the local mean-square acoustic

l)ressure is given 1)y

__ -_ p2o.l[ _s
p'_(z)=k' (O)k 4 ., (P, 12)

aol'-

Taking the ratio of eqtmlion (B12) to B1 1) yields

k'(o) p'ffz)/(p'_(r)) (B13a)

= I(z),/(l (r)) (B 13b)

where the latter relation results by virtue of
equation (3). Alternatively, by definition,

(/_(")):S/:s/_(;) dx (B,4)

or, 1)y ('onsi(hwing equations (2) and (3),

(p "_(r)) =p(:'tolV
47r;,2 (B 15a)

K p_.,ll ,s (B151))
') 447rr-a.

Taking the ralio of e<iualion (Bll) to (B15b',

k=K (4m

Substituting expression (Bl3a) fiw (l/_(r)} in

equations (Bl5a) and (B1 51)) yields equations (13)
and (14), resl)ectively.



38 TECHNICAL REPORT R--52--NA_TIONAL AERONAUT CS AND SPACE ADMINISTRATION

By rcphwing 11" in equation (13) by the (,xpr(,s-
sion for IV, ill (,(lualion (8a), and/c'(0) t)y a new

--->

Jfactor kt(O), an (,quntion for p"2(z) associated

with sup(,rsoni(' j(,ts is ol)tain(,d:

._ . . a,a, K:* P_! :/(P/p,,) (B_6)p, (_) k,(0) 4rr_-- • "t- p O(IO

Because k't(O)=k'(O) for tit(, subsonic contribu-

tion, equation (B16) elm b(, l'(,written in the fornl

---- __@ JO0(_(t 9

1' _(z) =k'(O) KL*4-k'(O) /,_i.I q(l"p,,)
• 4_.r---_ _;:_.

(Bl7a)
Of

p,_. l , ]
---- --) V Pl)(I t) :t,

1' i_(,-) =k' (0) L-4_z, KL -t-c_ 4r__, fl(l /p ,)

(B17b)

Equations (15a) and (151)) immediately follow

from equations (B17a) and (B17b), rest)ect.ivi'ly,

by rewriting L* in t(,rms of th(, flow and g(,om(,tric
variables.



APPENDIX C

EXPERIMENTAL DIFFERENCES AND ERRORS

Characteristic differences between tilt, different

experiments include

{1) the jet
(a) dynamical similarity

(b) definition of jet velocity

(2) experiinental conditions

(a) radius of measureinent compared to

distance 1o acoustic far field (free-

field tests)

(b) totality of Ineasurenlent directions

(free-field tests)

(c) angular separation of measurement

directions (free-field tests)

(d) surface retlections (quasi-free-fiehl
tests)

(e) reverberant ehamt)er char,lcteristics

(reverberation tests)

(f) wind (outdoor tests)

(g) se(,ondary-noise som'ces (engine tests)

(3) instrum(,ntation

(a) frequency pass-band compared to

acoustic-spectrtmi bandwidth

(b) signal averaging characteristic
(c) calibration error

Test conditions relaling to these factors are
outlined in tat)le II. Estimates of lhe induced

errors are listed in table III. The methods by
which the errors _.vere estimated are (liscusse(l

1)(,low. The numbers and letters refer lo the

1)rece(ling listing.
(1) Because Woc U s, the definition of jet velocity

thaI_ is selected for correlalion purposes is im-

portant. ]n the tests reported, jet velo('ity was

determined l)v at least three basically different

methods (table I). Nozzle-pressure-ratio measure-

ments lea(I to tit(, "ideal" velocity l:_. Determin-

ing the ratio of jet thrust to jel-exhaust mass-flow

rate yields the "ett'ective" velocity,

F F

wltel'e

l'_=CulTi

(Pressure forces are assumed to be negligible.)

Finally, measuring the total-pressure profile at

the nozzle exit permits the determination of "local"

velocity u_(_,_'), hence tile "mean" velocity

IL,=_Lu_ ,ln (t_

_vhel'e

Since equation (4) is assumed to be valid

for each point throughout tit(, flow AJA _d_/d_"

might provide the best correlation (ref. 23). Tile

more readily (letennined alternative is U,,, or U,.
If correlations are assumed to be based on U_, then

those correlations originally bttsed on U_ must l)e

adjusted actor(ling to the relation

IgL=C uLi

where L is lfighthill's 1)arameter based on l'_, and

L_ is the same ])arameter based on (_.

Except for the 3-ilwh-diameter nozzle used in

tilt, present tests, tiara ou Cu were not available
for the other nozzles. Estimates for the other

nozzles were based on ]¢nowledge of the nozzle

configurations and ill(, fact that, for a nozzle with

good thrust characteristics, Cu_0.98 in the high

subsonic-velocity range.

Tile l)revious consideration of velocity distril)u-
tion shouht ett'ectively account for similarity
effects also.

(2) Effects (a) and (b) were computed and

found to be negligible.

(c) This effect might introduce an error as large
as 1 or 2 decibels in comparing the total power

fi'onl experiments fox' which tit(' measurement
angles were different. The effect is, of course,

most significant near the angle for which the

acoustic intensity is maxinmin. No attempt was
made to evahmte this error.

((l) Surface reflection corrections were based on

theoretical computations according to reference 21.
39
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((4 Roonl reverberation ehara('teristies were

reporled ill reference lS, but not in reference 10.

As a result, Ill(, systematic error of total-power

measurelnents tel)or(eli ill reference l0 mav have
been of the order of 1 deeil)el (personal cominuni-

cation from Nit. (leorge B. Towh, of United Aircraft

('orp.).

(f) The eft'eel of wind aml almospheric lurl)u-

lenee on measured acoustic pressures ten(Is to be

ramlom unless tit(, wind impinges on ill(, micro-

phone. Then, an additional fluctuating pressure

is added to the acoustic pressure. The a(hlilional

pressure is indel)en(h,nt of jet veh><'ity aml, hence,

would tem[ to reduce the slope of curves of 11" as
a rum'(ion of L. The magnitude of 1he wind effect

was evaluated from its efl'ee! on [)ower spectra.

Th(, added t)ressure is predonfimu_t at h)w at.or,slit

freqm'neies. ]n l}le t('sls described in referenre

19, the h)w-frequency end of lhe spe(.irum

(-._225 ('its ` was disregarded. ]n the t(,sls re-

I)orled ill reference 11 a mi('rophone windscreen

was used, whereas ill ill(' present tests over-all
SOlllld pl'(,ssl.ll'es w(q'o tll('asl.lt'(,d during lllillittlttlll

wind co,<It(ions.

(31 (a) The frequency-pass-l)alld corre<'tio, was

based ell knowh,dge of the t)ower sl)eetrum. By

de( ermining oil till' basis of many measured sl)ect ra

lt.' simile of the dimensionless spectrum, the

neglected power associated with any parli('ular

sl)e('trtuu resulting from a dcliciem'y i, ill(, total
accept ed pass-baml rouhl be estimated.

(h) In all tests, except those reported ill refer-

em'es '2 aml 19, Ill(, met er-averagiug rhara(q crist i('
fOl" ()VPl'-all lll('aSill'ellttqlI[S "was tllea.ll-S([llal'e el' fllH-

wave tel'titled. Theoretically, for a random ,else

input, the meau-square characteristic should yichl

a reading I decibel higher lha. lh_tt for fu]|-wave
tel'tit(carlo, if both characteristics are assumed to

yiehl the same rea<liug for a sine-wave input (ref.

24, p. 453). This differe.ce was verified for jet

noise I)y eompari,g the readings of two meters
having these character(sties. ]. addition, for a

(luasi-l)eak characteristic the h'vel indication has

been found to be 2 to 5 decibels higher thau tho.t

for a rectifying characteristic in the case of jet
noise (refs. 25, 26, aml u.pui)lished NA('A lests).

The divergent effect of the difl'eren! characteristics

is Io cause dilferem'es of measured total power

and distortio.s of spectra (ref. 25). For consist-

em'y with other tests, the correction applied in

tile l)ublishcd rcsulls in referent'(' 19 was dis-

regar(I,,d ill this report. Thus, all results show,
are ut_.('orre('ted for meter character(st((,.

(c') ('alibration errors are indeterminate. ]t

was (.( ncluded by applying all tile 1)receding error

corrections that this error couhl easily mask any
a(l(litional systematic (lifferenees I)etween (lifl'erenl

test results. ]n fact, ('alibration errors and wind

effects were regarded as having the largest dele-
terious effect in correlating (lala.

]n lat)le ]]1 the reflection, wind, instrument

frequem'y-pass-ltan(t, attd meter-averaging ('orrec-

lions sre with respe('t to |V, whereas the velocity

eorre('tion is with respect to L. Thus, an over-all

('orre(qion is not el)rained t)y siml)ly adding all
the imlividual ('ont ril)utions.
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aeousl ie ] power

Amhor and r['f('rence mmd)(,r Typ(, of jel I)°wer sl)('eirmn

!Sub- Su- 'Sub- Su-

sonic per- sonic per-

_ __ SOll[('] SOl ie
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Tyh'r and Perry, I() ....... Air jets and jet en-

gill('s.
("tlht_h:m and (h)h's, 9 Air j[,ts and j('l (,n-

gilws.

('lark, et al., [ I _ Ji,l engines _ _
Waterhouse and l{erendl, I_, Air jets .....
('ole, et "d., 2 . l{oekels ........
lh)llin, 19 _ Air j['t............
]_;hh'ed, 21) _ __ Air j_'I .........
l)F('Selll I('SlS Air jets ....... _-
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